We constructed a reporter system to detect a superoxide-generating methyl viologen using SoxRS of Escherichia coli and GFP of Aequorea victoria. E. coli carrying this plasmid exhibited strong fluorescence when grown in the presence of a superoxide-generating reagent methyl viologen. The fluorescence intensity observed in the stationary phase culture of the transformant increased in response to the methyl viologen concentration in a range of 0.01 M to 10 M.
Organisms have various protection systems against environmental stress factors such as oxidizing reagents. These systems are utilized to construct reporter systems to detect environmental stress factors. 1) In E. coli, several proteins are involved in eliminating active oxygen species and reducing their cytotoxic effects. Among components playing a role in these protection systems, the functions of the translational activators SoxR and SoxS have been well studied. [2] [3] [4] [5] SoxR has an iron-sulfur cluster at the C-terminal region, and is oxidized with the superoxide anion. The oxidized form of SoxR activates expression of soxS, of which the product is a transcriptional activator for several mar-sox regulon genes that are responsible for protection from global stress factors. Methyl viologen is a superoxide anion-generating reagent and widely spread in the environment as a major component of the herbicide Paraquat. It is known that methyl viologen remains stably in soil for a comparatively long period. Aequorea victoria GFP is widely utilized to construct various biosensors because of that convenience. GFP is oxidized with the oxygen molecule to form fluorophore within the structure. Utilizing E. coli soxRS' genes and the A. victoria gfp gene, we tried to construct a bacterial biosensor for superoxide-generating reagents. A DNA fragment containing a full length of soxR and a part of soxS was amplified by PCR using pOST221 DNA as the template. These DNA fragments were inserted upstream of the gfp gene of pQBI63 to construct the pSox-GFP plasmid.
To confirm that the pSox-GFP system is responsive to methyl viologen, E. coli JA300 6) (pSox-GFP) was grown on Luria-Bertani (LB) broth agar (1% Bacto Tryptone, 0.5% Bacto Yeast Extract, and 1% NaCl) containing ampicillin (100 g/ml) at 30 C. In an LB agar plate containing methyl viologen, JA300 (pSox-GFP) formed fluorescent colonies, but did not form fluorescent colonies in the absence of methyl viologen (data not shown). This confirmed that production of the fluorescent protein is dependent on methyl viologen.
To determine the measurable range of methyl viologen, we investigated the growth of JA300 (pSox-GFP) in the presence of methyl viologen. Growth of the transformant was followed by measuring OD 660 of the culture periodically (data not shown). The growth of JA300 (pSox-GFP) was not affected by methyl viologen under 10 M. Therefore, the Sox-GFP system is able to function in the measurable range with 0.01-10 M of methyl viologen. However, the growth of JA300 (pSox-GFP) was inhibited with methyl viologen of which the concentration was higher than 10 M (data not shown). This result suggests that overproduction of the oxidized form of SoxR or SoxS'-GFP was harmful to bacterial cells.
To confirm the dose-dependence of the Sox-GFP system within the range between 0.01 M and 10 M of methyl viologen, we first did SDS-Polyacrylamide gel electrophoresis analysis. JA300 (pSox-GFP) was grown for 24 h in LB containing methyl viologen. A fraction of soluble proteins recovered from the cells exhibited fluorescence. The fluorescence was maintained at room temperature after the addition of SDS (Fig. 1A or B) , but was lost during heat treatment in the presence of SDS (Fig. 1B or C) . Protein samples were electrophoresed without heat-treatment on a 12.5% (w/v) polyacrylamide gel containing 0.1% SDS. 7) After electrophoresis, the gel was observed under illumination with UV. The observation showed a fluorescent band (31 kDa) in the protein fraction from JA300 (pSox-GFP) (Fig. 1A) . The fluorescence intensity of the band increased in response to the methyl viologen concentration (Fig. 1A) . No fluorescent band was found in the fraction prepared from JA300 cells grown in the presence of methyl viologen. 
Note
Staining of the proteins with Coomassie Brilliant Blue R-250 showed that a protein band corresponding to the fluorescent band became denser with increasing methyl viologen concentration (Fig. 1B) . When the proteins were denatured by heat treatment in the presence of SDS and electrophoresed on the gel, the 31-kDa fluorescent band disappeared and a 39-kDa non-fluorescent band increased instead. This 39-kDa protein was reactive with GFP-antibody (Fig. 1C) . The size measured by electrophoresis was similar to that of the SoxS'-GFP (35,674 Da) designed in this study. The heat modifiability is probably because GFP is rich in -strand. 8, 9) Thus it was shown that plasmid pSox-GFP directed synthesis of the fluorescent proteins in response to the methyl viologen concentration. Immunoblot using anti-GFP rabbit antibody (Living Colors A.v. Peptide Antibody; Clontech Laboratories, Inc. CA, U.S.A.) showed several bands of GFP derivatives. We supposed that these bands were derivatives of fused protein that decomposed for some unknown reason. These results support the conclusion that production of fluorescent protein is due to concentration of methyl violgen.
Next, the fluorescence intensity normalized by OD 660 of JA300 (pSox-GFP) culture increased in a dosedependent manner within a range between 0.01 M and 10 M of methyl viologen dissolved in the medium (Fig. 2) . Especially, the dose-dependent increase in the fluorescence was remarkable between 0.1 and 10 M. The molecular weight of methyl viologen is 245. Thus JA300 (pSox-GFP) is appropriate to assess low concentrations (in a range from 1 ppb to 1 ppm) of methyl violgen with high detection sensitivity. JA300 (pSox-GFP) also produced Sox-GFP in the presence of menadione which is also a superoxide aniongenerating reagent 1, 10) (data not shown). However, the transformant showed low fluorescence in the medium containing menadione at concentrations higher than 15 M. The growth of JA300 (pSox-GFP) was inhibited remarkably with menadione at 500 M. This result indicates that the Sox-GFP system is highly specific to detect methyl viologen. But it is not clear why a remarkable difference in fluorescence intensity was found between the transformant grown in the presence of methyl viologen and menadione.
Already, there are many systems to detect oxidative stress factors. 1) Most of the systems utilize various reporter assay systems. Compared with these systems, the Sox-GFP system described here has a handicap: the long incubation period for developing the fluorescence fully (Fig. 3) . It is desirable to shorten the incubation period for a rapid assessment, but our system is not able to shorten it because of the properties of GFP. Conversely, the Sox-GFP system has an advantageous aspect as against other reporter systems. To assess the stress factors by other systems, a certain enzyme activity must be determined for lysates prepared from the reporter cells. But the Sox-GFP system does not require this complicated operation to detect. Because of the constancy of the fluorescence intensity for a long period, strict control of the incubation period is not needed to measure the fluorescence intensity depending on the methyl viologen concentration. Therefore, the Sox-GFP system is useful to evaluate quantitatively methyl viologen in many samples at once.
